ABSTRACT: Domoic acid (DA), a toxin produced worldwide by some species of the genus Pseudonitzschia, is responsible for contamination of marine molluscs, mammals, birds, and for human intoxication, and when detected in high levels results in closures of shellfish farms, thus causing severe economic losses to aquaculture. Studies on algal production of DA in cultures and field samples require sensitive methods capable of measuring trace concentrations of domoic acid. Measuring domoic acid concentrations at trace levels is still a significant challenge. A sensitive and reliable double derivatization using o-phthaldialdehyde-mercaptoethanol/9-fluorenylmethylchloroformate (OPA-MeSH/FMOC-Cl) followed by high-performance liquid chromatography with fluorescence detection has been adapted for the determination of trace levels of dissolved (dDA) and particulate domoic acid (pDA). The selectivity toward domoic acid is greatly improved by eliminating the reaction between FMOC-Cl and primary amines. Compared with the original Pocklington method, the sensitivity obtained by the double derivatization is largely enhanced (×6) and the reproducibility is significantly increased (<4% relative standard deviation [RSD] for nanomolar domoic acid concentrations). A better precision and an improved interoperator reproducibility were obtained with this two-step derivatization optimized protocol. This methodology will be useful for monitoring domoic acid production both in Pseudo-nitzschia cultures and in natural environmental marine samples.
The extraction procedure is important to eliminate the excess reagent, to accurately 155 control the reaction time and to prevent the formation of a significant level of reagent 156 hydrolysis side-product (FMOC-OH). Immediately prior to injection onto HPLC, 3.5 µL of 157 acetic acid were added to the sample to protonate the amino derivatives (Einarsson 1985; 158
Mafra et al. 2009). 159
The Einarsson derivatization: the two-step procedure 160
The borate buffer (0.8 M) dissolved in Milli-Q water was adjusted to pH 9.5 with 10 N 161 sodium hydroxide. The FMOC-Cl was made up daily as a 15 mM solution in MeCN. The 162 OPA-mercaptoethanol reagent was dissolved in acetonitrile and prepared every day (50 mg of 163 OPA and 26 µL of mercaptoethanol per mL). The iodoacetamide reagent (140 mg/mL) was 164 prepared weekly in acetonitrile and protected from the light. 165 100 µL of borate buffer were mixed with 900 µL of sample. The OPA-mercaptoethanol 166 reagent (100 µL) was added and allowed to react for 30 s after the mixing. Then 100 µL of 167 the iodoacetamide reagent were added and the content mixed, after another 30 s, 300 µL of 168 FMOC-Cl was added, mixed and allowed to react another 30 s. Finally, the reagent excess 169 was removed as in the Pocklington derivatization described earlier. Prior to injection onto the 170 HPLC, acetic acid (10 µL) was added. 171
High-Performance Liquid Chromatography fluorimetric detection 172
The LC PerkinElmer Flexar system consisted of a solvent manager, a quaternary LC 173 pump, an autosampler, a column oven and a fluorescence LC detector managed by the 174 Chromera software. Chromatographic separations were carried out on a 201TPC18 Vydac 175 column (250 x 4.6 mm, 5 µm) fitted with a 20 mm x 2 mm guard-column (Upchurch) 176 containing 40-µm C 18 reversed phase packing. The column was maintained at a constant MeCN over 15 min., followed by an increase to 100% MeCN over 2 min. which was 181 maintained for 5 min., before returning to initial conditions over 2 minutes. Initial conditions 182
were maintained for a further 12 minutes before the next injection. The fluorescence detection 183 was performed at the medium sensitivity of the detector (with λ excitation = 260 nm and λ emission = 184 313 nm). Blank runs (Milli-Q water and/or seawater) with reagent solutions were performed 185 every day to check the absence of contaminations of both reagents and "aged seawater" 186 (ASW). For each batch of extracts, an additional control was performed on the ASW used for 187 the extraction in order to check for the non-contamination of the samples. 188
Calibrations and natural-samples processing 189
Calibrations were carried in the lowest range of DA concentrations expected to be seen in 190 field samples. For this, the primary (100 µM) and secondary (1 µM) domoic acid solutions 191 were prepared after dilutions of the CRM standard; final working solutions (1-40 nM) were 192 made using in ASW and stored at -25°C in glass vials. All dilutions were made at the 0.1 mg 193 level using a balance (calibrated daily). The Pseudo-nitzschia australis strain used in this study was isolated and identified in 199
2011 by E. Nezan from field samples collected in the Bay of Douarnenez (Brittany coast, 200
France). This strain is well known to be a domoic acid producer (Armstrong-Howard et al. 201 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 For both derivatization methods used, the retention times of secondary amines and DA were 232 basically the same (Fig. 1) . In our study and for both derivatization procedures, 233 hydroxyproline (HYP) and proline (PRO) appear at 6.95 and 12.2 minutes respectively. Their 234 relevant peaks did not interfere with those of DA (13.4 min) and the internal standard 235 (DHKA, 14.5 min) which appear later (Fig. 1) . However for the two-step derivatization, the 236 FMOC-OH peak, which starts at 9.5 min, is much wider. Pocklington et al. 1990 ). Good calibration curves were obtained for both methods (Fig. 2, with increasing borate buffer pH with a 4.4-fold increase in yield between 6.2 and 9 (Fig. 4A) . 278
The relative standard deviation on triplicates decreased sharply as the pH increased from 6.2 279 to 8.0 (from 7.3% up to 0.8%), then stabilised between 1.3 -2.2% for higher pH, reflecting an 280 improvement in the reproducibility in parallel to the increase in reaction efficiency. 281 A significant level of hydrolysis side product FMOC-OH occurs during the derivatization 282 process. The shape of this additional peak increases with increasing pH. Such a formation of a 283 huge FMOC-OH peak at basic pH has been previously described (Jambor and Molnar-Perl 284 2009). However, it does not hinder the accurate integration of the domoic acid peak as the 285 retention times of FMOC-OH (9.5 min) and domoic acid (13.5 min) are clearly different (Fig.  286 
4B). 287
The use of the two-step derivatization significantly improves the formation of the domoic 288 acid derivative. The better reproducibility obtained may have two explanations. Firstly, at the 289 higher pH used, near the optimum value of the FMOC derivatization reaction, the buffer 290 capacity of borate is close to its maximum. As the pH of the reaction medium is much better 291 controlled than under the conditions used for the simple derivatization, the variability of the 292 formation of the domoic acid fluorescent derivative is greatly reduced. Secondly, as the peaks 293 are larger, their integration becomes easier and there is less uncertainty in the measurement of 294 peak area. 295
Selectivity of the two-step derivatization on culture media and natural samples 296
The two-step derivatization may theoretically eliminate reactions between primary amino 297 acids and FMOC-Cl and provide cleaner chromatograms. To investigate if selectivity is really 298 improved by the double derivatization, we carried out, in parallel, analyses on samples with 299 varying complexity of composition. Indeed, more internal free primary amino acids will be 300 present in these types of samples, whereas internal domoic acid concentrations will be much 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 were analysed according to the two derivatization protocols using the same chromatographic 305 conditions (detector sensitivity, injection volume). In agreement with previous observations, 306 DA fluorescence response obtained with the two-step derivatization is more intense than the 307 one acquired from the single step process (Fig. 5) . In the culture medium, more additional 308 peaks are present in the chromatogram obtained with the Pocklington derivatization than with 309 the double derivatization. Most of them appear before the FMOC-OH peak (Fig. 5A ). The 310 same trend was observed in particulate extracts ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 were very low (dDA < 1.4 nM and pDA < 0.88 nM, respectively). 345
Furthermore, comparison between methods was performed on dissolved DA from culture 346 medium and field samples and on particulate material extracts from natural marine samples 347 collected during the PSEUTEC cruise in 2011 (Southern-Brittany coastal waters, France). In 348 the low concentration range tested, both derivatization protocols gave results that were highly 349 correlated (r = 0.969, n = 10, p <0.1%) and fully comparable (Fig. 7) . These initial results are 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 i) The expected results of the two-step derivatization to improve the specificity of the 360 detection were obtained; they provide greater sensitivity and better reproducibility than the 361 original method. While for trace domoic acid analysis (3 nM), the Pocklington method 362 displayed an RSD of the order of 10%, for the two-step procedure the RSD was less than 4% 363 at 1 nM concentration. As the precision is excellent, the use of the internal standard (DHKA) 364 may not be essential, at least for ecological studies on natural marine samples. 365
ii) The two-step derivatization protocol doesn't cause significant additional costs as the 366 reagents used (OPA and MeSH) are not expensive. Besides, the total reaction time is not 367 much longer than that of the usual method (~1 min) as the ethyl acetate extraction is the 368 longest and critical step for both procedures. Hence, sample throughput is the same. 369
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